A new liquid/liquid-type reference electrode for ion-transfer voltammetry with the nitrobenzene (NB)/water (W) interface has been developed. This reference electrode is expressed as Pt/1.8 mM α- [SiMo12O40] 4-+ 0.2 mM α-
In recent years the electrochemical technique with the interface between two immiscible liquids, which we call "ion-transfer voltammetry", has been extensively applied to the study of ion-transfer processes in various fields. [1] [2] [3] [4] A typical Galvani cell used in such measurements is shown in the following diagram: (A) where TBACl and TBATPB stand for tetrabutylammonium chloride and tetrabutylammonium tetraphenylborate, respectively. The nitrobenzene (NB)/water (W) interface (indicated by an asterisk) between phases II and III is polarizable, and when a "semi-hydrophobic" ion like tetramethylammonium ion is added to either phase, its transfer across the interface can be observed voltammetrically. 5 As also seen in cell A, a Ag/AgCl electrode is usually used for the reference electrode in the W-phase side. On the other side, since there is no reference electrode which can be used in NB 6 , such a liquid/liquid (L/L) type reference electrode as in cell A is generally employed. The Galvani potential difference between phases I and II, ∆ , is determined by the distribution equilibrium of TBA + between the two phases: 5, 7 RT a shows a defined potential, the Ag/AgCl/0.1 M TBACl (W) electrode finally exhibits a Nernstian response to TBA + in NB (phase II). Although the above cell system has been frequently utilized, its polarizable potential range (so-called "potential window") is not very wide (i.e., about 0.32 V), because the negative-current limit is determined by the transfer of TBA + that is not sufficiently hydrophobic. Thus far, some attempts have been made to broaden the potential window by replacing TBA + with more hydrophobic cations including Crystal Violet [8] [9] [10] , tetraphenylarsonium 10, 11 , tetrapentylammonium (TPenA + ) 12 , and tetrahexylammonium (THexA + ) 12 ions. For example, the use of THexA + broadens the polarizable potential range in the negative direction by as much as ca. 0.25 V. 12 In this case, however, such an L/L type reference electrode as shown in cell A is no longer available, because ∆ I II φ is not determined only by the distribution equilibrium of THexA + ; Cl -added initially to the aqueous phase (phase I) may be extracted to NB by THexA + of extreme hydrophobicity. The ∆ I II φ of the interface should be elucidated on the basis of the concept of the mixed ion-transfer potential [13] [14] [15] [16] , and from a practical point of view, it seems inappropriate to use such an interface for a reference interface.
In this paper we will propose a new L/L type reference electrode based on the distribution of a Keggintype heteropoly molybdosilicate anion, viz. α-[SiMo 12 O 40 ]
4-, at the NB/W interface and its redox equilibrium at the platinum electrode surface. Figure 1 shows the scheme of the new reference electrode. In this reference electrode system, ∆ 12 O 40 ] (anhydrous) was dissolved in 44 ml of 1:1 (v/v) 1,4-dioxane-water containing 1.0 M sulfuric acid. After 15 h during which the β-isomer as an impurity was transformed into the α-isomer, 2 g of THexABr (Tokyo Kasei Kogyo Co. Ltd.) was added to the yellow heteropolyanion solution. The resulting yellow precipitates were collected by filtration and recrystallized from acetone. The salt was finally dried at 50˚C under reduced pressure.
Tetrahexylammonium tetraphenylborate (THex-ATPB) was prepared as described previously. 12 Analytical-grade NB (Wako) was treated by activated alumina (200 mesh) for column chromatography before use. All other reagents were of analytical grade and used as further purification.
Preparation of the heteropolyanion reference electrode
The aqueous heteropolyanion solution for phase I ( Fig. 1 ) was prepared by dissolving 2.0 mM α-H 4 [SiMo 12 O 40 ] (anhydrous) in 0.1 M sulfuric acid, followed by addition of a mM ascorbic acid (usually a = 0.2) which reduced an equimolar amount of the heteropolyanion as shown in Fig. 1 . After standing for at least 30 min, the resulting blue solution was loaded in a Luggin capillary, in which a platinum wire electrode was then inserted. Finally, the reference NB/W interface was formed around the end of the Luggin capillary.
Electrochemical measurements
All voltammetric measurements were performed with a micro-computer assisted system (laboratory-constructed). Unless otherwise noted, the three-electrode cell previously reported 20 was employed for ion-transfer voltammetry. For redox voltammetry with a platinum working electrode a conventional three-electrode cell system was used. Potentiometric measurements were performed with an Advantest (Model TR8652) electrometer. All the electrochemical measurements were carried out at 25±0.1˚C.
Results and Discussion

Reversibility of the heteropolyanion redox couple
The reversible behaviors of the redox couple shown in Eq. (3) on the platinum electrode were observed by potentiometric measurements of the electrode potential in 0.1 M H 2 SO 4 (air saturated) containing 2 mM α-H 4 [SiMo 12 O 40 ], to which an aliquot of an ascorbic acid solution (0.1 M) was added stepwise. As we would expect, the equilibrium electrode potential measured against Ag/AgCl(sat. KCl) was found to obey the Nernst equation : 158 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 was initially added, a part of which was then reduced by the addition of a mM ascorbic acid (usually, a = 0.2). To phase II, the heteropolyanion was added as the THexA + salt.
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where E˚' is the formal potential; [ox] and [red] are the concentrations of oxidized and reduced forms of the heteropolyanion. The value of E˚' (=0.280 V) agreed with that obtained from cyclic and normal-pulse voltammetric measurements.
Ion transfer voltammetry of yellow and blue heteropolyanions at the NB/W interface
The interfacial transfer of the yellow (oxidized) heteropolyanion (α-[SiMo 12 O 40 ] 4-) has already been studied in rather detail. 17 In this study, we investigated the transfer of the blue species, i.e., the 2-electron reduced form (α-[H 2 SiMo V 2 Mo 10 O 40 ] 4-), which may interfere with the distribution equilibrium of the yellow species in the reference electrode system in Fig. 1 . In Fig. 2 the voltammogram of the transfer of the blue species is compared with that of the yellow species. As seen, the transfer potential of the blue species is almost identical with that of the yellow species. The midpoint potential E mid 21 (= 0.354 V) of the blue species was only 10 mV more negative than that of the yellow species.
Distribution behaviors of the heteropolyanion at the NB/W interface
In order to know if the reference NB/W interface (between phases I and II in Fig. 1 4-) as shown above. The potential difference of such a NB/W interface should be elucidated in terms of the mixed ion-transfer potential (∆φ mix ). [13] [14] [15] [16] The dashed line in Fig. 3 shows the relative change of calculated ∆φ mixvalues based on the proposed theory 13 , which are in harmony with that of the experimental values. In the calculation of ∆φ mix the reported value 17 17 due to the increase in the acidity of phase III which would have been caused by addition of the acid form of the heteropolyanion.
Ion-transfer voltammetry of the transfer of hydrophilic inorganic anions
In order to examine the characteristics of the heteropolyanion reference electrode, voltammetric measurements were performed for the transfer of X -(= Br -, I
-, SCN -, NO 3 -, and ClO 4 -) using the following cell:
The NB/W interface (indicated by an asterisk) between phases II and III is to be tested. The transferring ion, X -, was added to phase III as the lithium or sodium salt. To avoid appearance of a current maximum, Span ® 20 (sorbitan monolaurate, Wako) was added to the NB phase. 22 Phase III was contacted to phase IV through a salt bridge containing 0.5 M Li 2 SO 4 .
A typical cyclic voltammogram is shown in Fig. 4 . A well-defined wave for the transfer of NO 3 -was observed around −0. er potential region (ca. 0.2 V) in the potential window was spoiled by the heteropolyanion transfer, but the potential window of ca. 0.4 V still remained to be available in the lower potential region. For anions other than NO 3 -, well-defined waves due to their transfers were also observed in the potential window.
The wave of the transfer of X -showed the characteristics of a reversible wave. The peak separation (ca. 60 mV at 30 mV s -1 ) agreed well with the theoretical value (i.e., 57 mV) for a reversible wave. Accordingly, the midpoint potential, E mid , between the cathodic and anodic peak potentials can be assumed to be the reversible half-wave potential, (E 4-, which was reproducible within the experimental error of ±4 mV (95% confidence limit). According to the previous study 17 , the E 4-is also given by Eq. (6) with z = -4. The value of ∆ W NB φo x for the polyanion was then reported to be 0.066 V on the basis of the assumptions that (γ W /γ NB )=1 23 and (D W /D NB )=2.07 (Walden rule). In this study, we also used these assumptions to estimate ∆E ref to be -0.321 V for cell C.
The stability of the heteropolyanion reference electrode was checked by pursuing the E mid 's for I -and α-[SiMo 12 O 40 ] 4-. As seen in Fig. 5A , the E mid 's of these ions remained constant (< ±2 mV) for at least 6 h, although their slight changes with time were observed, especially in the initial 10 min. Thus, the present reference electrode exhibited comparatively high stability. As shown in Fig. 5B In conclusion, the proposed heteropolyanion reference electrode appears promising for voltammetric studies of the transfer of ions with fairly negative iontransfer potentials.
